improved as the number of electrodes was increased from 4 to 8, but no significant difference showed between 8, 12 and 16 electrodes. Altogether, there was little-to-no advantage of high stimulation rates in quiet or in noise, at least for the present speech tests and conditions.
Introduction
Cochlear implant (CI) users can achieve high levels of speech understanding despite the limited acoustic cues preserved by CI signal processing. Numerous studies [Dorman et al., 1997 [Dorman et al., , 1998 Fishman et al., 1997; Friesen et al., 2001 Friesen et al., , 2005 Fu et al., 1998; Hill et al., 1968; Loizou et al., 2000; Shannon et al., 1995; Spahr and Dorman, 2006] have demonstrated good speech understanding in quiet and even at moderate levels of noise, given the temporal envelope of the speech signal and a small number (4-8) of spectral channels. CI technology and signal processing have improved over the past decades, incorporating larger numbers of electrodes, different stimulation modes and a variety of processing strategies to extract and convey the most important acoustic features of speech. However, the limiting factors in CI performance remain the poor spectral resolution (whether due to the limited number of electrodes or channel interactions) and limited access to temporal cues. To improve the tem-poral resolution, many commercial CI devices employ high stimulation rates. While low-to-moderate rates may provide adequate temporal cues for speech recognition under quiet, optimal listening conditions, high rates have been proposed [Rubinstein et al., 1999; Wilson et al., 1998 Wilson et al., , 2000 to offer advantages for difficult listening conditions such as speech in noise or competing speech, music appreciation, etc.
High rates have been shown to expand the dynamic range (DR) of electrical stimulation relative to low rates, primarily by reducing threshold stimulation levels Rubinstein, 2003, 2006] . However, the intensity resolution has been shown to be similar between low and high rates [Kreft et al., 2004] despite the wider DR with high rates. High rates also offer better temporal sampling of the input acoustic signal. However, CI listeners may not utilize high-frequency envelope cues due to temporal processing limits. Normal-hearing and CI users' temporal modulation sensitivity is limited to approximately 300 Hz. Several previous studies [Fu and Shannon, 2000; Xu and Pfingst, 2003; Xu and Zheng, 2007; Xu et al., 2005] have shown little improvement in phoneme recognition with temporal envelope cues beyond approximately 20 Hz.
High-rate 'conditioning' pulse trains presented at subthreshold levels have been proposed Rubinstein, 2003, 2006; Rubinstein et al., 1999] to improve the representation of temporal fine structure and expand the electrical DR. Similarly, Litvak et al. [2003a-c] demonstrated that high-rate carriers can result in stochastic activity in single auditory nerve fibers. This 'pseudospontaneous' activity is found in normal hearing and may be desirable in electric stimulation as it may desynchronize phase locking across neural populations, potentially improving signal detection and channel independence. Electrically stimulated auditory nerve fibers exhibit abnormally strong phase locking to the temporal fine structure of the electrical signal [van den Honert and Stypulkowski, 1984] . This phase locking may interfere with the auditory system's ability to utilize the temporal fine structure. Wilson et al. [1997] demonstrated that the use of a high-rate conditioning stimulus produced intracochlear evoked potentials that better approximated normal neural responses to auditory stimulation. Taken together, these studies suggest that high stimulation rates in electric hearing can produce temporal neural response patterns that are more similar to those of a normally hearing ear.
In terms of speech recognition, high stimulation rates have produced mixed results. Kiefer et al. [2000] 
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Med-El users' recognition of monosyllabic words and 2-digit numbers with relatively high (1515 or 1730 pulses per second per electrode, or ppse) or low stimulation rates (600 ppse) and found significantly better consonant recognition with the higher rates. Brill et al. [1997] measured speech recognition (consonants, vowels, numbers, sentences) in 3 Med-El Combi listeners using stimulation rates ranging from 1515 to 9090 ppse. While high rates sometimes improved performance for some subjects, the authors found no clear or consistent rate effect. found that Ineraid CI users' monosyllabic word and phoneme recognition improved as the stimulation rate was increased from 400 to 2100 ppse. Nie et al. [2006] found a significant improvement in consonant recognition in quiet for Med-El users when the stimulation rate for experimental 4-channel processors was increased from 1000 to 4000 ppse.
In contrast, several studies have shown little-to-no difference in speech understanding between low and high rates. Verschuur [2005] found no significant changes in CI users' speech performance (phonetic categorization, identification of phonemes, words and sentences) as a function of stimulation rate, although some subjects' performance improved with high rates. Similarly, Plant et al. [2007] found a preference for high stimulation rates in some subjects, but no significant difference in mean CI performance between low and high rates. Lawson et al. [1996] found no significant difference in CI users' consonant recognition across 3 experimental rates (250, 833 and 2525 ppse). Several studies [Fu and Shannon, 2000; Kiefer et al., 2000; Wilson et al., 2000] measured phoneme recognition as a function of stimulation rate and of the temporal envelope filter cutoff frequency, and found no significant effect of stimulation rate. Vandali et al. [2000] found poorer performance with high rates for monosyllable word recognition in quiet and sentence recognition in noise, largely driven by the performance of 1 of the 5 CI subjects. Friesen et al. [2005] found no significant difference in speech performance in quiet between experimental high-rate processors and CI subjects' low-rate clinical processors.
The range of outcomes across these previous studies may be due to differences in test materials (phonemes, words or sentences) or test conditions (quiet or noise), or differences across experimental processors. Interactions between the number of electrodes and the stimulation rate may have contributed to the variability in outcomes, as well as the effect of CI subjects' short-and long-term experience with the experimental high-rate processors.
In the present study, speech recognition performance was acutely measured in 7 CI subjects listening to 4-, 8-, 12-or 16-electrode speech processors, each mapped with target stimulation rates of 600, 1200, 2400 or 4800 ppse (except that the 4800-ppse rate could not be achieved with 16 electrodes). There are several differences in experimental conditions, processor mapping and subjects between the present study and the previous study by Friesen et al. [2005] . First, the present study measured phoneme, word and sentence recognition both in quiet and in steady speech-shaped noise at a +10 dB signal-tonoise ratio (SNR), whereas Friesen et al. [2005] measured performance only in quiet. Second, subjective quality ratings were obtained for each experimental processor in the present study but not in that by Friesen et al. [2005] . Third, the target stimulation rates were 600, 1200, 2400 or 4800 ppse. In Friesen et al. [2005] , experimental rates ranged from 250 to 4901 ppse. The highest and lowest rates depended on the device and number of active electrodes, making it difficult to compare rate effects across the number of electrodes and across devices.
Methods

Subjects
All subjects were postlingually deafened CI users recruited from 3 implant centers in the Los Angeles area. The subject demographics are shown in table 1 . All subjects gave their informed consent in accordance with local institutional review board requirements, and all subjects were paid for their participation.
Experimental Speech Processors
All subjects used the Advanced Bionics CII implant with the HiFocus electrode array and the Electrode Positioning System. The CII device contains 16 linearly spaced contacts and 16 independent current sources. The CII Bionic Ear TM Programming System (BEPS) [Advanced Bionics, 2001 ] was used to fit the 4-, 8-, 12-or 16-electrode experimental speech processors. All speech processors were fit with the continuous interleaved sampling (CIS) strategy [Wilson et al., 1993] . In all cases, monopolar stimulation was used and the pulse phase duration was fixed at 10.8 s/ phase. For each electrode map condition, experimental processors were created to achieve target stimulation rates of 600, 1200, 2400 and 4800 ppse by adjusting the interpulse interval from 0 to 321 s. Because of interactions between the number of electrodes and the stimulation rate within the BEPS © software, the actual stimulation rate for the experimental processors varied somewhat from the target rates. Also, because of hardware and software limitations, only 4-, 8-and 12-electrode processors were tested for the 4800-ppse target rate. In total, 15 experimental processors were tested, along with subjects' clinical processors. The target and actual stimulation rates per electrode are shown in table 2 .
Subjects were fit with experimental processors according to standard clinical fitting procedures. The gain (0 dB), clipping levels (2048 A), volume range (lower limit = 100; upper limit = 0), input DR (50 dB) and radio frequency settings (0) were fixed at the default settings. For each processor, threshold (T) and most comfortable loudness (M) levels were obtained; the M levels were then loudness balanced across the active electrodes. Finally, the M levels were globally adjusted for loudness using continuous speech, i.e. HINT (Hearing in Noise Test) sentences [Nilsson et al., 1994] , presented via a single loudspeaker at 70 dBA. For all experimental processors, the overall input acoustic frequency range was 350-5500 Hz. As the number of electrodes was reduced from 16 to 4, the acoustic input frequency range was divided into a smaller number of logarithmically spaced frequency bands. The frequency-to-electrode assignments for the different processors are shown in figure 1 . 
Speech Materials and Testing Procedures
Speech performance was measured in quiet and in steady speech-shaped noise (+10 dB SNR) for medial vowel recognition, medial consonant recognition, consonant-nucleus-consonant (CNC) monosyllabic word recognition and IEEE sentence recognition. All speech materials were presented in a soundfield at 70 dBA via a single loudspeaker (Grason Stadler). The subjects were tested while seated in a double-walled, sound-treated room (IAC), directly facing the loudspeaker (1 m distance). The subjects were familiarized with the test procedures and software using their clinical processors. The experimental processors were tested immediately after fitting with no practice or familiarization. All tests were first conducted in quiet and then in steady speechshaped noise (+10 dB SNR). The test order of experimental processors was randomized within and across subjects, and the speech test order was randomized across experimental processors and across subjects.
The vowel materials consisted of 12 tokens produced by 10 talkers (5 male and 5 female) presented in a /hVd/ context (/i, }, e, , ae, a, $, o, , u, 8, ɝ/ or 'heed', 'hid', 'hayed', 'head', 'had', 'hod', 'hawed', 'hoed', 'hood', 'who'd', 'hud', 'heard'). Vowel tokens were selected from the stimuli recorded by Hillenbrand et al. [1995] . Vowel recognition was measured using a closed-set, 12-alternative forced-choice procedure. Custom software [Robert, 1997] was used to deliver the stimuli, collect subject responses and calculate the information received [Miller and Nicely, 1955] . During testing, a vowel token was randomly selected (without replacement) from the stimulus set. The subjects were asked to click on the response that matched the stimulus; 12 response buttons were shown onscreen, labeled in a /hVd/ context.
The consonant materials consisted of 20 tokens produced by 10 talkers (5 male and 5 female) presented in a /aCa/ context (/b, d, g, p, t, k, m, n, l, r, f, v, s, z, 1, t1, ð, d^, w, j/ or 'aba', 'ada', 'aga', 'apa', 'ata', 'aka', 'ama', 'ana', 'ala', 'ara', 'afa', 'ava', 'asa', 'aza', 'asha', 'acha', 'atha', 'aja', 'awa', 'aya'). Consonant tokens were selected from the stimuli recorded by Shannon et al. [1999] . Consonant recognition was measured using a closed-set, 20-alternative forced-choice procedure. Again, custom software [Robert, 1997] was used to deliver the stimuli, collect subject responses and calculate the information received. During testing, a consonant token was randomly selected (without replacement) from the stimulus set. The subjects were asked to click on the response that matched the stimulus; 20 response buttons were shown onscreen, labeled in a /aCa/ context. CNC materials [Peterson and Lehiste, 1962] consisted of 10 lists (50 words per list) of monosyllabic words produced by a single male talker. One list was tested for each experimental processor. Because the number of experimental processors exceeded the number of CNC word lists, some lists were repeated. The test order of the initial set of 10 lists was randomized; once this set was completed, another set of 10 lists was randomly generated. During testing, a word was randomly selected from the test list (without replacement). Subjects reported their answers orally to the researcher; if a reply was unintelligible, the subjects were asked to spell their answer. Performance was scored in terms of the percent of correctly identified words.
The IEEE materials [1969] consisted of 72 lists of sentences (10 sentences per list) produced by a single male talker. Note that the IEEE sentences are somewhat difficult, and generally much more difficult than HINT [Nilsson et al., 1994] sentences. Sentence stimuli were delivered and scored using custom software, i.e. HEISRT © [Fu and Shannon, 2000] . During testing, a sentence was randomly selected from the test list (without replacement). The subjects repeated the sentence as accurately as possible. Performance was scored in terms of the percent of words correctly identified. Two lists were tested for each experimental processor, and performance was averaged across the 2 lists.
After having completed the speech tests for each experimental processor, the subjects were asked to rate the sound quality of the processor. They were asked: 'if the sound quality of your everyday speech processor was a '5' on a scale of 1 to 10, how would you rate the comparable sound quality of this map?'
Results
The full battery of speech tests was administered with the subjects' clinical speech processors before and after testing with the experimental processors. The initial baseline measures served to familiarize the subjects with the test procedures, while the follow-up measures provided some indication of potential task-related learning effects. The mean performance (across baseline and follow-up measures) for each subject is shown in Figure 2 shows the mean CI performance in quiet, as a function of the number of electrodes in the speech processor; the different symbols show the performance for the different stimulation rates. Table 3 shows the results of two-way RM-ANOVA (with number of electrodes and stimulation rate as factors and subject as the repeated measure) performed for each speech measure in quiet. There was a significant effect for the number of electrodes, primarily due to the poorer performance with 4 electrodes. There was no significant effect for stimulation rate, except for vowel recognition. Post-hoc Bonferroni comparisons found a small (5.23 percentage points) but significant difference only between the 600-and 4800-ppse rates.
Similarly, figure 3 shows the mean CI performance in steady noise (+10 dB SNR), as a function of the number of electrodes; the different symbols show the performance for the different stimulation rates. Table 3 also shows the results of the two-way RM-ANOVA (with number of electrodes and stimulation rate as factors and subject as the repeated measure) performed for each speech measure in noise. Similar to performance in quiet, there was a significant effect of the number of electrodes due to the poorer performance with 4 electrodes. There was no significant effect for stimulation rate. Figure 4 shows subjective ratings for the experimental processors, as a function of the number of electrodes, in quiet and in noise. The results of the two-way RM-ANOVA are shown in table 3 . There was a significant effect for the number of electrodes in quiet and in noise, largely due to the poorer rating with 4 electrodes. There was no significant effect for stimulation rate in quiet. However, there was a significant effect for stimulation rate in noise due to the significantly higher rating for the 2400-ppse processor (rating: 3.85) relative to the 1200-ppse processor (rating: 2.52).
Discussion
Rate versus Electrode Effects
Previous studies have shown mixed results for high rates, possibly because the experimental rates were not adequately high. Wilson et al. [2000] suggested that rates beyond 4000 ppse might be necessary to induce the stochastic-like auditory nerve responses. In the present study, the experimental stimulation rates ranged from 596 to 5156 ppse. Except for the small difference (approx. 5 percentage points) between 600 and 4800 ppse for vowel recognition in quiet, we found no significant difference among the experimental rates in quiet or in noise for any of the speech measures or any of the spectral resolution conditions. The only significant rate effect was the subjective quality difference between the 1200-ppse and 2400-ppse processors in noise. Note that only CIS processors were tested, and that the +10 dB SNR may not have been challenging enough for some subjects, at least for the vowel and consonant tests. However, the +10 dB SNR was challenging enough to drop the average performance level obtained with the clinical processor from 66.4 to 44.1% for CNC words and from 41.4 to 12.9% for IEEE sentences.
Consistent with many previous studies [Dorman et al., 1998 Fishman et al., 1997; Friesen et al., 2001; Fu and Shannon, 1998; Loizou and Poroy, 2001; Loizou et al., 2000] , there was a significant effect for the number of electrodes. Performance generally improved as the number of electrodes was increased from 4 to 8, beyond which there was no significant improvement. There was a slight drop in performance for some measures (e.g. vowels and IEEE sentences in quiet; vowels, CNC words and IEEE sentences in noise) as the number of electrodes was increased from 12 to 16, but this difference was not significant.
Given that listeners make greater use of temporal cues as the spectral resolution is reduced [Xu and Zheng, 2007; Xu et al., 2005] , the 4-electrode processors would most likely be more sensitive to rate effects. Consonant recognition might also be more sensitive to rate effects than the more spectral cue-dependent or context-dependent vowel and sentence recognition measures. Also, speech understanding in noise might especially benefit from high rates as the additional temporal cues might help listeners segregate speech from noise. However, no significant effects of stimulation rate were observed for any of these conditions. Any of the physical advantages (temporal sampling) or physiological advantages (stochastic firing) associated with high rates did not provide any perceptual advantage, in quiet or in noise.
Subjective Evaluations
As they had only limited experience with the experimental processors, subjects consistently preferred the sound quality of their clinical processors to that of the experimental processors. In a similar study, Vandali et al. [2000] tested word and sentence recognition for 3 rates (250, 807 and 1615 ppse), then administered a subjective evaluation questionnaire after the subjects had continuously used the experimental processors over a period of several weeks. No clear trend in preference was found, even after several weeks of experience in a variety of listening conditions. While subjects preferred (on average) the 1615-ppse processor for music, they preferred the lower-rate processors for 6 other listening categories (including speech understanding in quiet and noise) as well as for the 'overall preference' category. Thus, in both a shortterm adaptation study like that by Vandali et al. [2000] and in the present acute study, CI users did not explicitly prefer high-rate processors over clinical processors mapped with lower stimulation rates. However, longerterm studies [Plant et al., 2002 [Plant et al., , 2007 Vandali et al., 2000] have shown advantages of some stimulation rates (low, moderate or high) for individual CI patients, suggesting that CI users may need longer experience with a stimulation rate to develop a clear preference.
Why Do High Rates Not Improve Performance?
If high sampling rates provide some degree of physical and physiological advantage, why do they not provide a perceptual advantage? It is possible that the perceptual cues provided by these higher stimulation rates are subtle and can be utilized only with extensive experience. However, even the few studies that provided some adaptation period did not find any consistent advantage with high rates. It may be that the additional information provided by high rates is not perceptually salient. Perceptual rate discrimination becomes poor above 300 Hz for most listeners. Previous studies [Fu and Shannon, 2000; Xu and Pfingst, 2003; Xu and Zheng, 2007; Xu et al., 2005 ] also showed little decrement in performance when temporal information above 20 Hz is removed. While high rates might offer improved temporal sampling, this extra information may not improve speech understanding beyond that already achieved with a much lower rate.
The detection of amplitude modulation in CI users has been shown to better with low carrier rates, especially at low listening levels Fu, 2005, 2009; Pfingst et al., 2007] . The lower portion of the DR is an important perceptual region for low-amplitude consonant information, for which temporal cues might be important. Differences in loudness growth between low and high stimulation rates may explain some of the poorer modulation sensitivity with high rates at low levels [Galvin and Fu, 2009] . The electrode DR is larger with high rates, primarily due to lower detection thresholds. However, loudness grows more slowly with amplitude at high rates, especially in the lower portion of the DR . Indeed, differences in loudness growth between low and high rates may explain why the number of intensity just noticeable differences remains constant across rates [Kreft et al. 2004 ] despite the larger DR at high rates. Thus, greater changes in relative amplitude may be necessary for modulation detection with highrate carriers. Galvin and Fu [2009] also found that high rates provided poorer modulation sensitivity at modulation frequencies ranging from 20 to 100 Hz, suggesting that CI subjects were unable to utilize the better temporal sampling with high rates. These single-channel modulation studies suggest that, if anything, speech performance might worsen with high rates.
With electrical stimulation, auditory nerve firing is strongly affected by the stimulus intensity and the refractory properties of the neurons. At rates below 800 ppse, neurons are abnormally highly phase-locked; neurons may fire at the same phase in every cycle of the stimulus. At higher stimulus rates (800-2000 ppse), there is a trade-off between stimulus intensity and neural refractory effects that weakens phase locking to the stimulus. Studies in cats and humans [Matsuoka et al., 1998; Wilson et al., 1997 Wilson et al., , 2000 demonstrated neuronal responses to high-rate electrical stimulation that were less deterministic and more like the natural acoustic stochastic response. High-rate, subthreshold conditioner pulse trains have been added to commercial CI devices to induce this stochastic response. While improved delivery of temporal information may be possible with high rates, the limited spectral resolution in CI devices may be the more limiting factor, relegating any improved temporal resolution with high rates to a negligible effect.
Increased electrode interaction with high rates might also offset potential advantages in temporal representations [Middlebrooks, 2004] . In rapid sequential stimulation of adjacent electrodes (as in the commonly used CIS processors), portions of a neural population may not fully recover between pulses due to refractory effects. Thus, temporal envelopes applied to adjacent electrodes may be spatially smeared, reducing the utility of temporal envelope information. With low rates, auditory neurons may more fully recover between successive pulses, and therefore may better preserve temporal envelope information. In the present study, there was no significant difference in performance across rates in the 4-electrode condition, which would presumably be least susceptible to electrode interactions. Only the lowest experimental rate (600 ppse) was beyond the neural refractory period; it is possible that rates below 600 ppse might have shown an effect. The sometimes poorer performance with 16 electrodes (relative to 12 or 8 electrodes) may have been due to increased electrode interaction; because there was no significant effect for stimulation rate, it is unclear whether rate-induced electrode interactions might have contributed to this small deficit in performance.
It is also possible that the present speech measures in quiet and in steady noise were not sensitive to the additional temporal cues which high rates might provide. High rates that provide better temporal sampling may be useful in providing better F0 cues, which are important when listening in competing speech or in dynamic noise, and for listening to music. More psychophysical research with multichannel stimulation may better show the limits of temporal cue perception, as well as effects of the stimulation rate on more complex perceptual situations. However, it is likely that other stimulation parameters (e.g. stimulation mode, electrode location, electrode design, frequency allocation, etc.) may more strongly influence performance, and CI research and development should perhaps more strongly commit to optimizing these parameters. The increase in overall stimulation rate allows for a greater number of electrodes to be stimulated per unit of time. This may be especially beneficial for current-focusing strategies (e.g. tripolar, quadripolar) that require multiple electrodes to be stimulated simultaneously or sequentially.
Summary and Conclusions
CI users' phoneme, word and sentence recognition in quiet and in steady noise (+10 dB SNR) was tested for a range of target stimulation rates (600-4800 ppse), and for a range of spectral resolution conditions (4-16 elec-trodes). Except for vowel recognition in quiet, there were no significant differences among the experimental stimulation rates for any of the spectral conditions or for any of the speech tests in quiet or in noise. Consistent with previous studies, performance improved as the number of electrodes was increased from 4 to 8, beyond which there was no improvement. CI subjects generally rated the experimental processors as sounding poorer than their clinical processors, especially in noise. There were no significant differences in subjective quality ratings for the experimental stimulation rates, except between the 1200-and 2400-ppse rates in quiet and in noise. Overall, the results suggest that the putative advantages associated with high rates (e.g. lower thresholds, expanded DR, better temporal sampling, stochastic firing, etc.) did not benefit CI performance, at least for the present speech tests and conditions.
